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The emission of methane from livestock production contributes to climate change. Cattle
manure accounts for one-third of the total methane emission over the lifecycle of beef
and dairy production and represents an opportunity to lower the environmental footprint
of the beef industry. While models have been developed to estimate methane emissions
from manure under certain types of manure storage methods, there is a lack of a userfriendly interface that agricultural or environmental engineers can use to estimate the
methane emission from manure for specific regions. Therefore, the goal of this study was
to build an interface to estimate methane emissions factors (EFs) and overall methane
emissions for the beef cattle manure in Nebraska under various manure management
scenarios.
The Tier 2 model developed by the Intergovernmental Panel on Climate Change
was adopted in the study. Besides, a typical scenario of beef cattle production in
Nebraska was adopted in the study, where animals grow an average weight of 318 kg hd-1
to 635 kg hd-1 during the 200 days in feedlots. The interface developed in this study
encompasses four major manure management systems: solid storage, uncovered
anaerobic lagoon, composting static pile, and daily spread. A range of temperatures, from
10 to 28ºC, were considered in the study.

For solid storage, the EFs were calculated to range from 0.98 to 3.05 kg CH4 hd-1
yr-1 and the overall emissions from 5.89 to 18.29 Gg CH4 yr-1 for the 2.82 million heads
of beef cattle in Nebraska in the Year 2021. Higher EFs were found for liquid storage,
averaging at 37.69 and 45.68 kg CH4 hd-1 yr-1 in winter and summer, respectively.
Furthermore, overall emissions can reach 226 Gg CH4 yr-1 on a winter day and 274 Gg
CH4 yr-1 in the summer. After analyzing the methane emissions from both solid and
liquid storage, it is noticeable that moisture content plays an important role in methane
production. The methane production trend falls when the moisture content decreases,
confirming that a reduction of the water content of manure could potentially lower CH4
emissions from manure. Thus, this observation opens the possibility to investigate the
feasibility of reducing water in manure as a mitigation measure for methane emission.
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CHAPTER 1 : INTRODUCTION
1.1 Background Information
Greenhouse gas (GHG) emission is one of the most pressing environmental concerns
facing humanity. In the US, GHG emission from agriculture accounts for approximate
11% of total emissions (EPA, 2020). In agriculture, methane represents near 37% of total
GHG emission on a carbon dioxide equivalent (CO2eq) basis. Methane is the second most
significant GHG from agriculture and the second most important anthropogenic non-CO2
GHG (EPA, 2012). Furthermore, within the GHG emission from agriculture, over onethird comes from livestock production, representing around 99% of the agricultural
methane emissions (Chianese et al., 2009; EPA, 2020). Also, manure contributes over
10% of the GHG emitted from agriculture (EPA, 2020; Owen & Silver, 2015). Within the
methane emission from manure across all livestock species, manure from beef cattle
accounts for ~ 15% of these emissions (Table 1.1). In terms of direct emission from
animals, beef cattle is placed 3rd, just behind swine and dairy cattle (Figure 1.1). (EPA,
2022).
Much effort has been made to mitigate methane emission from beef cattle
(Crosson et al., 2011). For example, 3-nitroxpropanol (3NOP), nitrates, and halogenated
compounds have been tested for their effectiveness as feed additives in reducing methane
production in cattle rumen (Honan et al., 2021). The underlying mechanisms of these
additives usually involve inhibition of methanogens. However, none of these additives
has been approved by the US FDA due to their potential toxicity. It is important to note
that some mitigation measures can be invasive to animal and could eventually adversely
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affect animal health. In contrast, methane emission from manure occurs outside the body
of the animals, representing a simpler and more straightforward “critical control point”
for methane emission (Vanderzaag et al., 2013).
Table 1.1: Methane emissions from manure management for beef cattle. Data are adopted
from EPA (2022).
Year

Livestock Manure
All species
Tg* CO2eq

2010
2011
2012
2013
2014
2015
2016
2017
2018
2019

71.91
72.40
74.32
71.99
71.64
75.42
77.71
78.54
81.12
81.98

Gg CH4
Tg CO2eq
2876.43
2896.32
2972.94
2879.84
2865.70
3016.99
3108.50
3141.69
3245.14
3279.32
*Tg = 1012 g

Beef cattle
10.86
11.00
10.88
10.81
10.75
10.84
11.39
11.94
12.61
12.78

Gg CH4
434.42
440.09
435.13
432.28
429.97
433.43
455.77
477.59
504.44
511.36

3
90

Emissions (MMT CO2 eq.)

80
70
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60
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Figure 1.1: Methane emissions from manure of the most prevailing livestock types in the
US. The data are extracted from the EPA (2022). MMT – Million metric ton.

Manure management encompasses several major stages, such as storage,
treatment, and spread. Manure storage is regarded as the most significant among all
stages with respect to methane emissions (IPCC, 2006). Depending on the type of
product (i.e., milk or beef), size of the farm, and farmers’ preferences, manure can be
handled as solid or liquid manure. Solid manure forms after freshly excreted manure dries
up on the pen floor surface. Manure slurry forms after the addition of water to manure
(e.g., water is added to dairy cattle manure to pump manure slurry from pits to lagoons)
or when manure on pens was flushed into storm water holding ponds. Because these
aspects of manure management can significantly affect the continuous emission of
methane from manure, a model capable of estimating methane emission under various
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manure management practices would be very useful. The model could also benefit the
design of novel mitigation measures by simulating the methane emissions under novel
manure management practices.
1.2 Literature Review
In order to estimate methane emissions from manure without in situ methane
measurements, several empirical and mechanistic models have been developed. The
Intergovernmental Panel on Climate Change (IPCC) is a worldwide agency that uses
published literature to create models for the estimation of GHG emission inventories.
Other studies have created models to elucidate the responses of methane emission to
changing temperatures using the Arrhenius relationship. These models have been used to
develop mitigation methods for methane emissions (Baral et al., 2018; Elsgaard et al.,
2016; Sommer et al., 2004). Often, different models generate different values for
estimation. The variabilities in results have been attributed to the different ages of the
manure used in the studies, which affected the volatile solids content of manure.
Different temperatures at storage sites can also affect microbial activities and chemical
reactions. Besides, moisture content and storage type can affect the anaerobic conditions
on which methanogenic activities rely (Baral et al., 2018; Sommer et al., 2004).
Other approaches have also been utilized to estimate GHG emissions from
livestock production. Life Cycle Assessment (LCA) was used to estimate GHG emission
for beef and dairy farming (Beauchemin et al., 2010; Dudley et al., 2014). Similarly, the
Integrated Farm System Model (IFSM) was used to estimate GHG emission from dairy
and beef productions (Rotz et al., 2018; Schils et al., 2005). These studies include some
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source of GHGs that were not covered in the IPCC Tier 2 model. For example, the IPCC
Tier 2 model does not consider the CO2 emissions from the heavy machinery used in
manure scraping (Crosson et al., 2011). Therefore, these models rely on the collective
application of more than one IPCC chapters to encompass all stages. Furthermore, the
large boundaries set in these studies, with individual models for each process (Crosson et
al., 2011), also increase the uncertainties and errors for the estimation of emissions
(Dudley et al., 2014). All of the studies mentioned above use either IPCC models or
algorithms that correlate factors at the manure management level with methane
production. Studies that utilized algorithms compared their EFs to those reported by
IPCC (2006), which is used as a benchmark for GHG emission inventories.
1.2.1 Model by Sommer et al. (2004)
Sommer et al. (2004) incorporate the Arrhenius equation in their model to
estimate methane emissions from manure slurry management that includes housing,
storage, and land spread. The authors first determined all parameters that would remain
constant, independent of the process or management stage. They incorporated the
potential amount of gas that manure can produce under any condition (CH4,potential), which
can be determined using the Bushwell’s equation from the conversion of macromolecules
(Sommer et al., 2004):
𝐹𝐹(𝑇𝑇) = (𝑉𝑉𝑉𝑉𝑑𝑑 ∗ 𝑏𝑏1 + 𝑉𝑉𝑉𝑉𝑛𝑛𝑛𝑛 ∗ 𝑏𝑏2 ) 𝑒𝑒𝑒𝑒𝑒𝑒 �𝑙𝑙𝑙𝑙𝑙𝑙 − 𝐸𝐸𝑎𝑎

1

𝑅𝑅𝑅𝑅

�

F(T) – Methane emission rate (g CH4 d.-1) at a certain temperature.
VSd – Degradable volatile solids (kg).
VSnd – Non-degradable volatile solids (kg).

(1.1)

6
b1, b2, - Correction factors of conversion speed from volatile solids to methane.
A – Arrhenius parameter (g CH4 kg VS-1 day-1).
Ea. – Apparent activation energy of the reaction (J mol-1).
R – Gas constant (8.314 J mol-1 K-1).
T – Temperature (ºK)
The Arrhenius parameters should be obtained from the Arrhenius relationship as follows:
ln(rate constant) = lnA −

𝐸𝐸𝐸𝐸 1

𝑅𝑅 𝑇𝑇

(1.2)

In Equation 1.1, b1 is the speed conversion factor for degradable VS and b2 for
non-degradable VS. To apply Equation 1.2 for methane emissions, information on the
methane emission rates and the temperature is collected from the literature to obtain the
activation energy of the reaction (Ea) and the Arrhenius parameter (A). The Arrhenius
relationship demonstrates the response of methane emissions from manure to varying
temperatures.
The reaction rate needs to be computed to get the reaction rate constant at each
temperature. After the reaction rate constants are obtained, a linear model between the
natural log of rate constants and the inverse of the temperatures (ºK) yield Ea over R
values (gas constant, 8.3145 J K-1mol-1) as the slope and the pre-exponential factor lnA as
the intercept (Equation 1.2). To calculate F(T) using Equation 1.1, VSd, VSnd, b1, and b2
can be calculated using:
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𝑉𝑉𝑉𝑉𝑑𝑑
𝑉𝑉𝑉𝑉

=

B0

𝐶𝐶𝐶𝐶4,𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

𝑉𝑉𝑉𝑉 = 𝑉𝑉𝑉𝑉𝑑𝑑 + 𝑉𝑉𝑉𝑉𝑛𝑛𝑛𝑛

(1.3)
(1.4)

Bo - The maximum yield of CH4, g CH4 kg-1 VS.
CH4, potential – as potential methane production, g CH4 kg-1 VS
The fraction of VSd in the total VS equals the ratio of the Bo to the potential
methane production, suggesting that after the bulk methane is produced from manure, the
remaining potential methane conversion corresponds to non-degradable volatile solids
(Equation 1.3). The model gives the values shown in Table 1.2 and Table 1.3. Table 1.2
shows the values used to estimate the fractions of degradable and non-degradable VS in
total VS, following the relationship described in Equations 1.3 and 1.4. Table 1.3
contains the rest of the parameters needed to apply the model to estimate the methane
emissions on a daily basis from cattle slurry under the conditions described by Sommer et
al. (2004).
The model developed by Sommer et al. (2004) brought a promising insight to the
endeavor of estimating the GHG emissions from livestock manure management.
However, it is suitable only for manure slurry, not solid manure. For the purpose of the
present study, several modifications must be done to adapt it for solid manure
management. For that reason, the model described above is not suitable for Nebraskan
farms situation.
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Table 1.2: VS contents of cattle manure slurry. Modified from Sommer et al. (2004).
Manure type

VSd (%)

VSnd (%)

Cattle Slurry

46

54

CH4 production (kg CH4 kg-1 VS)
Potential
B0
0.48
0.2

Table 1.3: Parameters to estimate methane emissions with Equation 1.1. Modified from
Sommer et al. (2004)
Parameter
Arrhenius parameter store in-house
Arrhenius parameter store outside
Activation energy, J mol-1
Gas constant, J mol-1 K-1
Correction factor for VSd
Correction factor for VSnd

Symbol
ln(A)
ln(A)
Ea
R
b1
b2

Cattle
44.29
43.33
112.7 × 103
8.314
1
0.01

1.2.2 Model by Elsgaard et al. (2016) and Petersen et al. (2016)
Elsgaard et al. (2016) analyzed the dependence of methane generation to
temperature. With a closer view on the Arrhenius relationship, the authors of that study
determined the parameters required to estimate the methane emissions. They also
demonstrated that these parameters may change under certain conditions and change for
different types of manure slurry, suggesting that the different energy intake from each
type of livestock, and even among different cattle breeds, can affect the amount of
methane emissions to the environment. The authors collected data from four sources,
incubated manure samples in a thermo-gradient incubator at 16 temperatures, measured
the gas content in the headspace of the test tubes, and plotted the inverse of the
temperatures versus the natural logarithm of the reaction rate constant to get the linear
relationship to estimate the variables of the experiments, such as the intercept (lnA) and
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the slope (Ea/R) (Equation 1.2). Some of the parameters determined by Elsgaard et al.
(2016) are shown in Table 1.4, presenting more accurate values than Sommer et al.
(2004), since the VSs content was assumed to be 80% of total dry matter whereas
Elsgaard et al. (2016) came up with a more realistic value of 72% dry matter based.
Despite of the significance of the findings published by Elsgaard et al. (2016), no
other study strove to apply them to improve the accuracy of the values of the parameters
in the algorithm proposed by Sommer et al. (2004) until Petersen et al. (2016). Petersen
and co-workers found a way to improve the model using the activation energy value
proposed by Elsgaard et al. (2016) by proposing an innovative way to determine the preexponential factor lnA. In Petersen et al. (2016) approach, the emission rates were
experimentally determined following same procedures as Elsgaard et al. (2016), but using
a water bath for incubations instead a thermo-gradient incubator. Therefore, with the
experimentally obtained methane emission rates, the Equation 1.1 was used to solve for
lnA with parameters obtained from the authors’ own experiments and thus providing an
alternative value of lnA, which was later used in the model for methane emissions
estimation.
Table 1.4: Parameters to estimate methane emissions. Data from Elsgaard et al. (2016).
Parameter
Arrhenius parameter
Volatile solids, g kg-1
Activation energy, J mol-1
a

Symbol
ln(A)
VS
Ea

Cattle
31.3
40a
81.0 × 103

As fraction of fresh manure because volatile solids make up 72% of dry matter.
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1.2.3 Model by Baral et al. (2018)
Baral et al. (2018), with the intention of including as many factors that may affect
the conversion from volatile solids to methane as possible, proposed two variations or
modifications of the model empirically developed by Sommer et al. (2004) to predict and
mitigate methane emissions.
Total volatile solids in manure:
𝑉𝑉𝑉𝑉𝑇𝑇 = 𝑀𝑀𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 ∗ 𝑃𝑃𝑇𝑇𝑇𝑇 ∗ 𝑃𝑃𝑉𝑉𝑉𝑉 − 𝑉𝑉𝑉𝑉𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙

(1.5)

A modified version of volatile solids relationship:

𝑉𝑉𝑉𝑉𝑑𝑑 =

B0
−𝑉𝑉𝑉𝑉𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 �
4,𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

�𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖 ∗𝐶𝐶𝐶𝐶

𝑉𝑉𝑉𝑉𝑇𝑇

(1.6)

Mmanure – Mass of manure in the storage tank at the beginning (kg manure).
PTS – Total solids content in the manure (kg TS kg-1 manure).
PVS – Volatile solids content in total solids (kg VS kg-1 TS).
VST – Total volatile solids content (kg VS)
VSin – Volatile solids at the beginning of storage (kg VS)
VSloss – Volatile solids lost while the manure is in the storage since the beginning (kg
VS).
Bo – Maximum methane yield under anaerobic digestion (0.2 kg CH4 kg-1 VS).
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CH4,potential – The potential CH4 production (0.48 kg CH4 kg-1 VS)
The first variation is an Integrated Farm System Model (IFSM), which was
discussed and explained in other studies (Chianese et al., 2009; Rotz et al., 2018). The
IFSM starts with the same basic principle of the model developed by Sommer and coworkers (Equation 1.1) and accounts for the fact that manure loses VS content with the
time during storage (Chianese et al., 2009). This affects the prediction of the total VS in
the manure and the relationship to estimate the fraction of degradable volatile solids in
total VS (Equations 1.5 and 1.6) while still considering the Arrhenius parameters
determined by Sommer et al. (2004). Although the model contemplates several factors
previously overlooked, its application is limited to uncovered liquid manure storage and
has yet been tested for solid manure (Chianese et al., 2009). Accordingly, the authors
adopted 81.0 kJ mol-1 for the apparent activation energy (Elsgaard et al., 2016) (Table
1.4), a volatile solid content of 65 g kg-1 fresh manure with the degradable fraction of
33%, and estimated a lnA of 31.2 g CH4 kg-1 VS h-1. The lnA value is close to the lnA
reported by Elsgaard et al. (2016), despite of the differences in experimental procedure
and lnA calculation method.
The second approach used by Baral et al. (2018) employed alternative values for the
Arrhenius equation that have been used in other studies (Elsgaard et al., 2016; Petersen et
al., 2016). In this case, the Arrhenius parameter 31.2 g CH4 kg VS-1 h-1 and the apparent
activation energy 81 kJ mol-1 were used to calculate the reaction rate constant. Baral et al.
(2018) also introduced a new concept of VSd fraction and VSloss, because VSd is
experimentally determined and VSloss was obtained from the fraction of carbon in
methane emissions to the overall carbon emissions. In contrast, in the ISFM model VSd
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content was empirically calculated and VSloss percent was assumed. With this modified
model it is possible to find a way to predict the VS fraction and its derivatives from solid
manure. However, there is still a lack of research on how to adopt the experiment
designed for liquid manure for solid manure. The parameters obtained for both variations
of the model by Sommer et al. (2004) are presented in Table 1.5.
Table 1.5: Parameters needed to apply both variations of Sommer et al. (2004) models
(Baral et al., 2018)

a

Parameter

Symbol

Arrhenius parameter
Volatile solids (%)
Activation energy

ln(A)
VS
Ea

Model 1
(IFSM)
32.22
71.4a
82.1 x 103

Model 2
30.07
72.6a
78.2 x 103

Volatile solids as a fraction of dry matter

1.2.4 A Mass-flow Model by Webb and Misselbrook. (2004)
A mass-flow model was developed for NH3 emissions by Webb and Misselbrook.
That model relies on the relationship among total ammonia nitrogen (TAN), the emission
factors (EF) defined by IPCC, and the weight of the livestock unit (Webb & Misselbrook,
2004). That model can be adopted for solid manure, since the proportion of TAN
excreted by a livestock type can be gathered from other studies (Webb, 2001), the VS
excretion rate can be also obtained. To determine the EF for the livestock under study
using region-specific values, the model uses a ratio of the default EFs for a livestock unit
to its weight and TAN excretion and the ratio of the actual average live-body weight of
the livestock under study to the TAN excretion experimentally determined. The days
spent in storage is included in the model since EFs are reported as g NH3 animal-1 day-1 in
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IPCC 1996. Hence, if the TAN content in manure is replaced by volatile solids content,
given that both variables affect EFs, the model may be adopted for methane emissions.
Nevertheless, the EF used in the model by Webb and Misselbrook (2004) arose from
those reported by IPCC, giving more credibility as a model extensively used in
agriculture and other disciplines striving for the estimation of greenhouse gasses
emissions.
All the models described above have limitations in their intended applications.
Uncertainties exist when applying these models on a greater scale. Considering that none
of these models was developed for solid manure or in the context of Nebraska, the current
study chose a model introduced in the IPCC (2006) report, volume 4 “Agriculture,
Forestry and Other Land Use”, Chapter 10 “Emissions from Livestock and Manure
Management”.
This thesis will use the IPCC (2006) model to develop an interface for the
estimation of methane emission from cattle manure under four widely used manure
management systems: solid storage, uncovered anaerobic lagoons (UALs), composting –
static pile (CSP), and daily spread. The IPCC report include three methods, Tier 1-3. The
Tier 1 model uses default methane EFs for each livestock type and manure management
practice. Because default values are used, the Tier 1 model has the least accuracy among
the three methods. The Tier 1 model is often utilized for a livestock type that is
considered as a not important source of GHG emissions. In the Tier 2 model, EFs are
determined using region-specific values in combination with default values for livestock
species under study. To increase the reliability of the tool and thus reduce uncertainties,
this thesis will use the IPCC Tier 2 model for manure management to estimate the
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methane emissions from beef cattle manure with values from survey data of cattle
management for the region under study.
All models previously described have limitations. For example, the models using
the Arrhenius relationship determined parameters only for liquid manure. Although the
IPCC model encompasses all livestock types and most common manure management
systems (e.g., solid and liquid manure), it is complex for the producers or engineers to
use for the estimation of methane emissions. Besides, there is no Tier 2 methane
emissions estimation for Nebraska beef cattle manure. Therefore, a user-friendly interface
to estimate methane emissions in Nebraska is the first step to develop mitigation
strategies.
1.3 Research Objectives
The goal of this study was to build an interface to estimate methane emissions
factors (EFs) and overall methane emissions for the beef cattle manure in Nebraska under
multiple manure management. To achieve this goal, three specific objectives were
established.
The first objective is to develop a spreadsheet in Microsoft Excel to estimate
methane emissions from beef cattle manure under various manure management practices.
This spreadsheet provides producers and engineers a user-friendly interface to estimate
methane production from manure based on the IPCC Tier 2 model. Besides, cells in the
spreadsheet are clearly defined and explained throughout each calculation as well as color
coded for data inputs.
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The second objective is to use the interface to estimate the methane emission from
the cattle manure in Nebraska. In this objective, Nebraska specific data were used to feed
into the model for the estimation.
The third objective is to estimate methane emission from manure under a new
manure management practice designed to reduce methane emission. The underlying
mechanism of the novel manure management practice is to reduce the moisture level of
manure during stockpiling.
1.4 Boundary conditions
This study intends to entail the methane emissions from beef cattle manure during
management processes representing Nebraska’s situation. According to IPCC, to improve
the accuracy and reduce the uncertainties of model outcomes, a characterization of the
livestock type and population must be defined first. The uncertainties depend upon the
type and quality of information available for the livestock type/population. Moreover,
according to the level of accuracy provided by the data, uncertainties can reach up to 50%
in the Tier 1 model or 20% in the Tier 2 model. It is possible to get less than 20%
uncertainty when the region under study gathers the information needed to perform the
calculations without the use of default values (IPCC, 2006).
According to the Nebraska Department of Agriculture (NDA) in its Cattle Feeders
Directory (NDA, 2019-2020), the vast majority of cattle farms in Nebraska work in beef
production and only a few in dairy production (NDA, 2014). The beef cattle farms in
Nebraska housed approximately 2.82 million of heads in 2012 (USDA, 2021). The model
used in this study encompassed four manure management systems presented in Figure
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1.2, where storage, treatment, and spreading made up the highest portion of CH4
production within the boundaries. This study will include the liquid storage with the
purpose of analyzing the effect of moisture content in methane production.
Therefore, the scope of this work was reduced to a single livestock sub-category
(beef cattle) with a defined period, from the time animals enter the feedlots to the time
they leave the feedlots for slaughtering. Solid manure in stockpiles and liquid manure in
UALs were treated as baseline treatments. It is important to point out that this study only
considers methane emissions, rather than all GHG emissions. Also, instead of a wholefarm analysis, where methane is also produced from enteric fermentation, this study
focuses only on the methane emission from manure.
1.5 Thesis Organization
Chapter 1 provides a general background of the study. The significance of
agriculture as a source of GHG in the environment is presented, and the importance of
livestock production as a source of methane emissions is outlined. Also, the objectives
and the boundary conditions of the study are stated.
Chapter 2 details the modeling methodology used in this thesis and provides stepby-step procedure to use the interface for data input.
In Chapter 3, the results from the spreadsheet are presented. The estimation of
methane emission from manure in this study was further compared to the findings from
other studies. Finally, methane emission from manure was simulated for a novel manure
management practice.
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Chapter 4 contains the conclusions drawn from the results in Chapter 3 and how
these findings can be used as a reference for future research.
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Figure 1.2: Boundaries for what is considered the baseline in this study. (Images taken from the internet).
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CHAPTER 2 : MATERIALS AND METHODS
2.1 Selection of Model.
Manure can be divided into two categories: solid manure and liquid manure. Both
types of manure can emit methane to the atmosphere. Several different models have been
developed to estimate GHG emissions. For example, LCA and IFSM can encompass
direct and indirect methane emissions from the entire life cycle of manure. IPCC (2006),
Tier 2 for manure management, rely on default values suitable for specific cattle manure
management practices (IPCC, 2006), while others use algorithms developed from the
Arrhenius equation (Sommer et al., 2004) with slight variations on the parameters. Both
approaches attempt to accurately determine methane and nitrous oxide emission from
solid and liquid manure.
2.1.1 IPCC (2006)
The Intergovernmental Panel on Climate Change (IPCC) developed equations and
provided default values for the equations to estimate GHG emissions from various
sources. Unlike Life Cycle Assessment (LCA) that draws information from multiple
chapters of IPCC to estimate direct and indirect emissions from the entire life cycle of
cattle (Dudley et al., 2014), IPCC Tier 2 for manure management focuses on emissions
from manure. In this study, the direct emissions of methane from cattle manure
stockpiles, a common practice for open feedlots in Nebraska, was used as a baseline
situation.
Depending on the information available in the country or region, the IPCC model
comprises of three levels of accuracy (Tier 1, Tier 2, and Tier 3). Because the model
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covers the most common livestock types (i.e., animal species and sub-categories among
species), the first step to use the IPCC model is to characterize the makeup of the
livestock population within the study region. In this study, the livestock species of
interest is cattle, and the subcategory is beef cattle. The time frame considered in the
study spans from the time when animals enter open feedlots to the time when they leave
for slaughterhouses. This time frame is slightly different from the time frame investigated
in the IPCC report, which covers from birth to slaughter.
Tier 1 can be performed in a country or region without high quality data on
livestock inventories, diet information, annual manure excretion, manure management
practices, or volatile solids content in the manure. Under Tier 1, GHG emissions are
estimated using only default values for EFs, producing uncertainties up to ±50% (IPCC,
2006). In comparison, Tier 2 requires more detailed characterization of each subcategory.
The overall management situation of animals is needed as basic inputs for calculations,
including the diet, weight at the times of entering and leaving the feedlot, average weight
gain, mature weight, feeding activities, and all the parameters that help to gain or lose
energy. Because it is not practical to gather detailed data from every farm, information
from the literature can be adopted (IPCC, 2006). Although Tier 2 encompasses a more
accurate estimation of GHG emissions, the use of default values for some factors is
unavoidable (IPCC, 2006). Tier 1 and Tier 2 were used to estimate emission factors (EFs)
and total emissions from manure and enteric fermentation for four livestock types in
China (Xue et al., 2014). In that study, default values along with country-specific values
were used for the estimation of EFs under Tier 2 methodology. To achieve Tier 3
accuracy, the highest level of accuracy of the three tiers, measurements of volatile solids
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content, experimental determination of emissions, maximum methane yield under batch
conditions (if possible), feed intake, and other factors that affect methane emissions are
needed. Data obtained under Tier 3 can be part of the national methane emission
inventories. To determine the tier that is attainable, a flow diagram adopted from the
2006 IPCC report is presented in Figure 2.1.
The path to decision is shown as the red line in Figure 2.1. There is not enough
data in Nebraska that meets the needs for Tier 3. Information is available for Nebraska
about beef cattle, such as, digestible energy (DE%), feed intake, and management
situation (UNL Animal Science Department 2022). Hence, Tier 2 was selected for the
study, because the animal population has been characterized and work can be done to
compile information for beef cattle.
According to the IPCC report (2006), the following information is needed as
inputs for the equations to develop the tool.
Annual Average Population. Once the Tier 2 EF is calculated, it will be multiplied by
the Annual Average Population of the animal species to calculate methane emissions
from manure for that species (IPCC, 2006).
Weight (kg). Three different weights are needed as inputs for the model. The live-body
weight (BW) of each category on average, the mature weight (MW) of the bull or cow,
and the weight of the calf entering the feedlot.
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2 method with available countryspecific inputs
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2 method

Yes
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Figure 2.1: Flow diagram that reflects the pathway followed (red line) according to the
available information of the livestock category under study in the region (IPCC, 2006).
Average weight gain (kg day-1). With the values of the weights, the daily weight gain can
be determined in two ways: (1) averaging the difference between the mature weight and
the weight of the calf; and (2) utilizing the weight gain in kg day-1 reported in the
literature. Values reported by Samuelson et al. (2016) were adopted in this study (Table
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2.1). Table 2.1 provides general information about common cattle management in the US
from a survey in which 13% of the respondents were from Nebraska.
Table 2.1: Cattle management values used in this study (Samuelson et al. (2016))
Item

Mean value

Calf weight entering the feedlot, kg
Mature live-body weight, kg
Average live-body weight, kg
Body weight gain, kg day-1
Day on feed, d
Space in pen, m2 hd-1

318
635
477
1.58
200
21

Feeding situation. In Nebraska, more beef cattle are fed with concentrate (corn silage
mixed with crude protein and other ingredients) in feedlots than those grazing on ranges
(UNL Animal Science Department 2022). Information on feeding is required to calculate
the energy each animal spends on the feeding activity based on the space available in
pens. In this study, 17% of energy for maintenance was used as the energy for feeding
activity, as animals do not have high energy demand.
Feed digestibility or digestible energy (%). This term is related to the dry matter in feed
that is not digested by the animal and that is deposited in the feces. The value of this
parameter depends on the animal diet, type of livestock, and animal age. This parameter
needs to be carefully handled as methane emissions are sensitive to this parameter (IPCC,
2006). Specific values were adopted for this parameter from the Nebraska Beef Cattle
Report (2022), which details a regular feed intake digestible energy (DE) and additives
that modify the DE value. Nevertheless, the IPCC (2006) report also provides general
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values for this parameter (Table 2.2). The DE 80% in average was chosen from Table 2.2
for Nebraska farms.
Winter temperature. Methane emissions are sensitive to the temperature changes in
manure management systems (Sommer et al., 2004). Animals need higher amounts of
energy from feeds for maintenance at lower temperatures, like the winter temperature in
this region. However, since the main objective of this study is the development of an
interface to estimate the methane production from manure year-round, the temperature is
included as an input variable within the range of variation for methanogenesis.
Once values for these parameters are obtained, methane emissions can be estimated
following the model developed by IPCC (2006).
Methane emissions from manure management of the category under study.
(2.1)

𝐶𝐶𝐶𝐶4,𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = 𝐸𝐸𝐸𝐸𝑇𝑇 ∗ 𝑁𝑁𝑇𝑇

CH4,manure – Methane emissions from cattle manure (kg CH4 yr-1).
EFT – Emission factor from the manure of livestock type T (kg CH4 head-1 yr-1).
NT – Population of livestock type T (head).
T – is the livestock type (i.e., beef cattle in feedlots for this study).
Because this is a Tier 2 approach, the emission factor for cattle manure should be
calculated as
EFT = (VST ∗ d) �Bo(T) ∗ 0.67kg/m3 ∗

MCF
100

�

(2.2)
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VST – volatile solids excreted from the livestock type T (kg VS head-1 day-1).
d – the number of days the livestock type T spends in the management system for which
the emissions are being calculated (days).
Bo – the maximum methane that can be produced under batch conditions from the manure
of the Livestock type T (m3 CH4 kg-1 VS).
0.67 – the conversion factor from m3 of CH4 to kg of CH4 (m3/kg).
MCF – the methane conversion factor for the type T in the management system under
study (%).
Equation 2.2 was used to calculate the methane EF for the manure of beef cattle in
feedlots under liquid or solid storage. Also, in this equation, 200 days was used as the
number of days that beef cattle in Nebraska typically spend in feedlots before leaving for
slaughter. Values for MCF, the conversion of methane from volatile solids (VS), can be
found in Table 2.6 or can be calculated, only for solid storage, with the relationship
reported in Rotz et al. (2018). MCF depends on temperature and the state of manure
(liquid, semi-solid and solid) during storage.
MCF = 0.201 ∗ Tm − 0.9

(2.3)

Tm – the mean temperature of the season for which methane emission is calculated.

The VST values can be adopted from region-specific inventory data or obtained from
measured volatile solids content of the manure multiplied by the daily manure excreted
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per animal. In this study, VST is obtained according to the feed intake, digestible energy
(DE), and energy requirements of animals using the approach described by IPCC (2006).
Rate of volatile solids excretion per animal.
VS = �GE ∗ �1 −

DE%
100

� + (UE ∗ GE)� ∗ ��

1−ASH
18.45

��

(2.4)

GE – Gross energy intake needed by each animal per day (MJ day-1)
DE% – Digestible energy as percentage of gross energy (%)
UE – Urinary energy as fraction of gross energy.
ASH – Ash content of the manure as fraction of total solids.
18.45 – Conversion factor for gross energy (MJ day-1)
The DE and the ash content of the feed are considered constant for the livestock type
under study. The ash content of solid and liquid manure can be determined either
experimentally with procedure explained by EPA (2001) or using Diffuse Reflectance
Spectroscopy. The conventional approach often takes hours to collect and process the
data (Preece et al., 2009). Therefore, the ash content of 8% reported by IPCC (2006) will
be used in this study. Urinary energy was determined to be 2% – 4% of gross energy
(GE), depending on the feeding situation and the livestock type (IPCC, 2006). For the use
in Equation 2.3, the urinary energy for beef cattle fed with concentrate around three
quarters of grain can be evaluated as 4% according to the recommendation by IPCC. GE
can be calculated as:
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GE = �

(NEm +NEa ) �NEg �
+ REG
REM
DE%
100

(2.5)

�

NEm – Net energy required for maintenance (MJ day-1).
NEa – Net energy for activity (MJ day-1).
NEg – Net energy required for growth (MJ day-1)
REM – Ratio of net energy for maintenance to the DE consumed.
REG – Ratio of net energy for growth in a diet to the DE consumed.
The ratios, REM and REG, are measures of the portions of energy conversion (NEm &
NEg) from DE for cattle, buffalo, and sheep. They are used to estimate the GE with
Equation 2.5 (IPCC, 2006). The correlations between the two ratios and DE% are
described as:
REM = 1.123 − (4.092x10−3 ∗ DE%) + [1.126x10−5 ∗ (DE%)2 ] − �

25.4

�

(2.6)

�

(2.7)

DE%

REG = 1.164 − (5.160x10−3 ∗ DE%) + [1.308x10−5 ∗ (DE%)2 ] − �

37.4

DE%

In the IPCC model, DE is critical to the estimation of methane emission. DE% values
between 75% to 85% were found suitable for beef cattle managed in Nebraska (UNL
Animal Science Department 2022). DE values for various animal types from the IPCC
report are presented in Table 2.2.
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Table 2.2: Energy digestibility for different management situations for livestock types.
(IPCC, 2006)
Main category

Class

Swine

Mature swine – confinement
Growing swine – confinement
Swine – free range
Feedlot animals fed with >90%
concentrate diet
Pasture fed animals
Animals fed – low quality forage
Broiler chickens – confinements
Layer hens – confinement
Poultry – free range
Turkeys – confinement
Geese - confinement

Cattle and other
ruminants
Poultry

Digestibility
(DE%)
70 – 80
80 – 90
50 – 70
75 – 85
55 – 75
45 – 55
85 – 93
70 – 80
55 – 90
85 - 93
80 – 90

The energy required for animals to keep the energy levels at stable condition without
executing any activity is known as the energy for maintenance (Jurgens, 2002). Energy of
maintenance can be calculated with the following expression.
NEm = Cfi ∗ (BW)0.75

(2.8)

Cfi – Coefficient of correlation to calculate the energy for maintenance.
BW – The average live-body weight of the animal under study (kg).
The net energy for maintenance can be calculated by applying Equation 2.7 with the
coefficient Cfi value from Table 2.3 (0.322 for this study) and the average live-body
weight of beef cattle from an inventory reported by Samuelson et al. (2016). Animals
consume more energy for maintenance under low temperatures than under high
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temperatures, which means more VS excretion at lower temperature (IPCC, 2006). As a
result, the coefficient Cfi must be corrected for winter temperatures:
(2.9)

𝐶𝐶𝐶𝐶𝑖𝑖(𝑖𝑖𝑛𝑛𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ) = 𝐶𝐶𝐶𝐶𝑖𝑖 + 0.0048 ∗ (20 − 𝑇𝑇)

T – the mean daily temperature during the winter (ºC).

The net energy for maintenance is useful in this model because other types of energy loss
by the animal are calculated as its fraction. For example, the energy that the animal needs
to get food is known as the net energy for activity and can be calculated as:
(2.10)

𝑁𝑁𝑁𝑁𝑎𝑎 = 𝐶𝐶𝑎𝑎 ∗ 𝑁𝑁𝑁𝑁𝑚𝑚

Ca – the coefficient to calculate the net energy for activities that are related to the feeding
situation and its value can be found in Table 2.4.
Table 2.3: Coefficients for the energy for maintenance calculations NEm. Data from IPCC
(2006)
Animal category
Cattle/Buffalo (non-lactating
cows, steers, and juveniles)
Cattle/Buffalo (Lactating cows)

Cfi (MJ d1
kg-1)
0.322
0.386

Cattle/Buffalo (Bulls)

0.370

Sheep (lamb to 1 year)

0.236

Sheep (older than 1 year)

0.217

Comments
Non-lactating dairy, beef and multipurpose cows, steers, and juveniles
Maintenance energy are 20% higher
during lactation
Maintenance energy are % higher for
intact males
This value can be increased by 15%
for intact males
This value can be increased by 15%
for intact males
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Table 2.4: Coefficient for cattle and buffalo’s activity for feeding. Data from IPCC
(2006)
Situation
Stall
Pasture
Grazing
large areas

Definition
Animals are confined to small area (i.e., tethered, pen, barn) with
the result that they expend very little or no energy to acquire the
feed
Animals are confined in areas with sufficient forage requiring
modest energy expense to acquire the feed
Animals graze in open range land or hilly terrain and expend
significant energy to acquire the feed

Ca
0.00
0.17
0.36

Animals also consume energy for growth. As animals grow, the ingestion of feed must
keep up with the growth rate, resulting in one of the highest energy demands by cattle.
Therefore, the cattle management situation in the region determines the values of each
parameter needed for the calculation of the required energy for growth. However,
regardless of differences in values across management systems, IPCC reported an
expression to estimate the energy that each animal needs to gain weight. The net energy
for growth can be calculated as follows:

𝑁𝑁𝑁𝑁𝑔𝑔 = 22.02 ∗ �

𝐵𝐵𝐵𝐵

𝐶𝐶∗𝑀𝑀𝑀𝑀

0.75

�

∗ 𝑊𝑊𝑊𝑊 1.097

BW – The average live-body weight of the livestock species (kg).
MW – The mature live-body weight of an adult animal (kg).
WG – The mean daily weight gain of the livestock species (kg).
C – A coefficient that depends on the cattle type (1, in this study).

(2.11)
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2.2. Cattle Management Situation in Nebraska and Surroundings.
According to USDA (2021), Texas, Nebraska, and Kansas, made up around 50% of beef
cattle on feed, with Nebraska leading in sales. In Nebraska, beef cattle live on feedlots or
partial confinement (NDA, 2014). As the time that animals spend in feedlots varies
across cattle-feeding companies, the interface was designed to allow for the adjustment of
the number of days the cattle spend in feedlots. Because this study used Tier 2
methodology to estimate EFs and overall emissions, the use of default values from IPCC
was needed (i.e. MCF and Bo). On the other hand, values to estimate VS were obtained
from a survey that encompassed Nebraska situation (Samuelson et al., 2016) and from the
Beef Cattle Report (UNL Animal Science Department 2022).
2.3. Interface
The tool developed in this study follows a Tier 2 methodology that was described in the
prior sections. The interface was built in Microsoft Excel as a spreadsheet and includes
all parameters detailed in the equations from IPCC (2006). Also, the spreadsheet contains
five worksheets that encompasses the management systems described in Table 2.7 and
closely match the situation in Nebraska.
To build the interface using Equations 2.1 to 2.11, nine sub-sections were
established in each worksheet. The worksheets in the spreadsheet were organized by
manure management system. One worksheet introduces the methodology and include
important tables. The second worksheet is about Solid Storage as defined in Table 2.7.
This worksheet was built up using information from Table 2.1. The sections from the
bottom to the top are REM, REG, NEg, NEa, NEm, GE for cattle, VS, EF, and CH4
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emissions. The first input needed is the DE% (i.e., 80% from the range of 75-85%)
(IPCC, 2006). Afterwards, with Equation 2.6 and Equation 2.7, the first two sub-sections
were calculated using DE% as the only input value. Then, the average live-body weight,
average weight gain, mature weight, and C, were used to estimate the NEg using Equation
2.11. To estimate NEm and NEa, values of two coefficients, Cfi and Ca, were adopted from
Table 2.2 and Table 2.3. Gross energy for each animal was estimated using Equation 2.5
with values already estimated in previous steps. Then, on a different cell, the daily
excretion of VS was calculated with Equation 2.4, using already described parameters
such as GE, DE%, UE and ash content, as inputs. Once Bo (0.19 m3 CH4 kg-1 VS,
constant for beef cattle), number of days on feed (200 days for this study, from Table
2.1), are entered, the temperature can be selected from a dropdown menu. As a result,
MCFs are drawn out of Table 2.6 (also located in the Introduction worksheet) for most of
the management systems. Though for solid storage, MCFs were estimated using Equation
2.3 with data from IPCC (2006). Finally, the EF and methane emissions from manure
under different management systems were computed on two different sub-sections using
Equations 2.1 and 2.2.
Methane emission calculated in this spreadsheet are reported in the unit of Kg
CH4 head-1 year-1 and can be converted to Kg CO2eq head-1 year-1 for comparison with
values reported in other studies. The spreadsheet is color coded according to Table 2.5 to
show the type and origin of each value throughout all sections.
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Table 2.5: Color code applied to the spreadsheet to estimate methane emissions.
Color

Type
Input
Result
Constant
Table
Locked

Comments
Cells with this color can be edited using data from a farm level
These cells show the results for each section after changing inputs
This color represents constant values from literature
In this color, the cell contains a value from a table
These are values resulted from previous sub-sections

Table 2.6: Methane conversion factors (MCF) for commonly practiced management. Data from IPCC (2006).
System

Daily spread
Solid storage
UAL
CSP

MCFs values by temperature for manure management systems %
Cool
Temperate
10 11 12 13 14 15 16 17 18 19 20 21 22
0.1 0.1 0.1 0.1 0.1 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
2
2
2
2
2
4
4
4
4
4
4
4
4
66 68 70 71 73 74 75 76 77 77 78 78 78
0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5

Warm
23 24 25 26 27
0.5 0.5 0.5 1
1
4
4
4
5
5
79 79 79 79 80
0.5 0.5 0.5 0.5 0.5
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1
5
80
0.5

Table 2.7: Definition of manure management systems considered in calculations of MCFs. Data from IPCC (2006).
System
Daily
spread
Solid
storage
UAL

CSP

Definition
Manure is routinely removed from a confinement facility and is applied to cropland or pasture within 24 hours of
excretion.
The storage of manure, typically for a period of several month in unconfined piles or stacks. Manure is able to be
stacked due to the presence of sufficient amount of bedding material or loss of moisture by evaporation.
A type of liquid storage system designed and operated to combine waste stabilization and storage. Lagoon supernatant
is usually used to remove manure from the associated confinement facilities to the lagoon. Anaerobic lagoons are
designed with varying length of storage depending on the climate region, the volatile solids loading rate, and other
operational factors. The water from the lagoon may be recycled as flush or used to irrigate and fertilize fields.
Composting in piles with forced aeration but not mixing.
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2.4 Possible New Scenario for Manure Management
Among all the management systems included in this study, the results from solid and
liquid storage were compared to show the impacts of moisture content on methane
emission from manure. A previous study shows that manure pile sitting on a slab made of
conductive concrete can reach a very low moisture content (Staley et al., 2021). Slabs
made of conductive concrete are electrically conductive and can release heat through
concrete surface. A simple graphical comparison was made in this study to demonstrate
the potential reduction of methane emission if the moisture content in manure pile can be
reduced due to the use conductive concrete slabs for manure storage.
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CHAPTER 3 : RESULTS AND DISCUSSIONS
3.1 The Interface
All the parameters calculated before the VS stay constant for all manure
management systems and temperatures for the same cattle management situation (values
from Table 2.1). Because the MCF varies with the manure management system and
temperature, the EFs and methane emissions are reported on separate worksheets
according to manure management system.
The net energy for maintenance (NEm) is the most important factor to calculate
the gross energy (GE) demand by each animal every day. The net energy for maintenance
is the energy requirement for each animal to be in a steady state. In the interface, NEm
was 32.84 MJ day-1 for an average live-body weight of 476.5 kg. This value is
independent of changes in temperature for temperatures above 10ºC. A net energy for
maintenance was reported as 314 kJ kg-0.75 for a specific breed of cattle (Chizzotti et al.,
2008), while in this study 322 kJ kg-0.75 was estimated for beef cattle overall (IPCC,
2006).
The net energy for activity is what each animal consumes to get feed. This value
depends on how cattle is handled at the farm. In this study, all animals are fed in pens
where travel distances for food are limited. So, the coefficient “Ca”, previously defined, is
0.17 (as a fraction of the NEm) in this study.
The VS value is calculated as the excretion rate per head of cattle and reported in
the unit of kg VS animal-1 day-1 based on dry matter (IPCC, 2006). As mentioned above,

36
the volatile solid excretion rate remained constant for all manure management systems at
2.24 kg VS animal-1 day-1. This value is independent of temperature and was calculated
using Equation 2.4.
Most studies calculate the VS in the unit of kg VS animal-1 day-1. For instance,
following the IPCC protocol, Daemmgen et al. (2013) reported the energy requirements,
CH4 emissions, and nutrients and VS excretion rates for a specific breed of cattle
(German suckler), one of the primary breeds in Germany for beef production. In that
study, the VS excretion rate was 2.65 kg VS animal-1 day-1, which is slightly higher than
the result of this study. This difference might be attributed to the higher live-body weight
averaged for German suckler (500 kg) in comparison to the value used in this study
(476.5 kg) and attributed to the feeding situation (grazing vs pasture). Appuhamy et al.
(2018) covered the gross energy, digestibility of the diet, urinary energy, volatile solids,
and degradable volatile solids from lactating cows using Tier 2 method of IPCC to
predict the organic matter in cattle waste on a daily basis (kg VS animal-1 day-1). The
authors found a daily VS excretion rate of 5.73 kg VS animal-1 day-1, doubling the values
reported by Daemmgen et al. (2013) and in this study. A reason for this difference might
be that the animal sub-category in Appuhamy et al. (2018) is lactating cows rather than
beef cattle. Another factor that might have influenced the difference in results is the feed
type, for which the DE in the study by Appuhamy et al. (2018) was 67%, as opposed to
80% in this study.
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Table 3.1: Excel interface for the determination of methane emissions using IPCC (2006) model

Methane emissions
Temp. (°C)
CH4 emissions (kg yr-1)
EF(T) (kg hd-1 yr-1)
N(T) (hd)
Type
Emission factor
EF(T) (kg hd-1 yr-1)
VS(T) (kg VS hd-1 day-1)
Bo(T) (m3 CH4 kg-1 VS)
MCF(S,k) (%)
MS(T,S,k)
Σ(MCFs,k*MStsk/100)
Days in feedlot (day)

10
0.982
0.98
1.00
Beef cattle

Methane emissions
Temp. (°C)
CH4 emissions (kg yr-1)
EF(T) (kg hd-1 yr-1)
N(T) (hd)
Type

0.98
2.24
0.19
1.72
1.00
0.02
200.00

Emission factor
EF(T) (kg hd-1 yr-1)
VS(T) (kg VS hd-1 day-1)
Bo(T) (m3 CH4 kg-1 VS)
MCF(S,k) (%)
MS(T,S,k)
Σ(MCFs,k*MStsk/100)
Days in feedlot (day)

Volatile solids excretion rate
VS(T) (kg VS hd-1 day-1)
2.24
-1
GE (MJ day )
187.40
DE%
80.00
(UE • GE)
7.50
ASH
0.08
18.45

15
1.556
1.56
1.00
Beef cattle

Methane emissions
Temp. (°C)
CH4 emissions (kg yr-1)
EF(T) (kg hd-1 yr-1)
N(T) (hd)
Type

28
3.048
3.05
1.00
Beef cattle

1.56
2.24
0.19
2.73
1.00
0.03
200.00

Emission factor
EF(T) (kg hd-1 yr-1)
VS(T) (kg VS hd-1 day-1)
Bo(T) (m3 CH4 kg-1 VS)
MCF(S,k) (%)
MS(T,S,k)
Σ(MCFs,k*MStsk/100)
Days in feedlot (day)

3.05
2.24
0.19
5.34
1.00
0.05
200.00

Volatile solids excretion rate
VS(T) (kg VS hd-1 day-1)
2.24
-1
GE (MJ day )
187.40
DE%
80.00
(UE • GE)
7.50
ASH
0.08
18.45

Volatile solids excretion rate
VS(T) (kg VS hd-1 day-1)
2.24
-1
GE (MJ day )
187.40
DE%
80.00
(UE • GE)
7.50
ASH
0.08
18.45
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Table 3.1 (Continued)
Gross energy for cattle
GE (MJ day-1)
187.40
-1
NEm (MJ day )
32.84
-1
NEa (MJ day )
5.58
REM
0.55
-1
NEg (MJ day )
29.42
REG
0.37
DE%
80.00

Gross energy for cattle
GE (MJ day-1)
NEm (MJ day-1)
NEa (MJ day-1)
REM
NEg (MJ day-1)
REG
DE%

NE for maintenance
NEm (MJ day-1)
32.84
Cfi
0.32
BW (kg)
476.50

NE for maintenance
NEm (MJ day-1)
Cfi
BW (kg)

NE for activity
NEa (MJ day-1)
Ca
NEm (MJ day-1)

NE for activity
NEa (MJ day-1)
Ca
NEm (MJ day-1)

5.58
0.17
32.84

187.40
32.84
5.58
0.55
29.42
0.37
80.00

Gross energy for cattle
GE (MJ day-1)
NEm (MJ day-1)
NEa (MJ day-1)
REM
NEg (MJ day-1)
REG
DE%

187.40
32.84
5.58
0.55
29.42
0.37
80.00

32.84
0.32
476.50

NE for maintenance
NEm (MJ day-1)
Cfi
BW (kg)

32.84
0.32
476.50

5.58
0.17
32.84

NE for activity
NEa (MJ day-1)
Ca
NEm (MJ day-1)

5.58
0.17
32.84
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Table 3.1 (Continued)
NE for growth
NEg (MJ day-1)
BW (kg)
C
MW (kg)
WG (kg)
Weight of calf (kg)

29.42
476.50
1.00
635.00
1.59
318.00

NE for growth
NEg (MJ day-1)
BW (kg)
C
MW (kg)
WG (kg)
Weight of calf (kg)

REM
REM
DE%

476.50
1.00
635.00
1.59
318.00

BW (kg)
C
MW (kg)
WG (kg)
Weight of calf (kg)

REM
0.550
80.00

REM
DE%

REG
REG
DE%

29.42

NE for growth
NEg (MJ day-1)

REG
DE%

476.50
1.00
635.00
1.59
318.00

REM
0.550
80.00

REM
DE%

REG
0.367
80.00

29.42

0.550
80.00
REG

0.367
80.00

REG
DE%

0.367
80.00
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3.2 Methane Emissions in Nebraska
This study covers four of the major manure management systems as stated above.
Nevertheless, some farms can handle the manure produced under more than one
management system (i.e. x% under solid storage, y% under liquid storage). In this study,
100% of the manure excreted is assumed to be handled under a single management
system.
3.2.1 Solid Storage
The tool developed in this work was used to establish the baseline methane
emission from cattle manure in Nebraska. Even though manure does not account for the
biggest share of methane emissions in agriculture overall, it is still treated as a significant
source of emissions (Chadwick et al., 2011). Solid manure storage is a management
practice more likely used by small farms than large farms (Aguirre-Villegas & Larson,
2017). When manure is stored for an extended period, the cumulative emission of CH4
from dry storage could be substantial.
MCF, the conversion from volatile solids in the manure to methane gas, was
calculated using Equation 2.3 for a temperature range of 10 to 28ºC. Because MCF in the
model remain constants for temperatures below 10ºC, the value used in Nebraska was
1.72% for the whole winter. The values of MCF are variable for temperatures from 10 to
28ºC and constant for temperatures over 28ºC. For a typical summer in Nebraska, MCFs
range from 4.74 to 5.34% for a range of temperature from 25 to 35ºC. For the rest of the
year (10 – 25ºC), MCF varies from 1.72 to 4.74% with a linear increment.
The EF range for solid storage as a function of temperature is presented in Figure
3.1. For a typical summer season in Nebraska (25 – 35ºC), the EF can go as high as 3.05
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kg CH4 hd-1 yr-1 (Table 3.1) and as low as 2.7 kg CH4 hd-1 yr-1. In winter, the EF remains
at 0.98 kg CH4 hd-1 yr-1. Using this interface for Nebraska, the total CH4 emissions would
range from 2.76 to 8.6 Gg CH4 yr-1 for 10 to 28ºC, accounting for the approximate 2.82
million of beef cattle in the state (USDA, 2021). To better estimate seasonal EFs, daily
EF values should be averaged to account for temperature variations (d = 200 days). Daily
EFs for 10, 15, and 28ºC were calculated as 4.9, 7.8, and 15.25 g CH4 hd-1 day-1
respectively. The overall CH4 emission rate in Nebraska can reach a minimum of 13.82
Mg CH4 day-1 and a maximum 43.0 Mg CH4 day-1 for the lowest and the highest
temperatures, respectively.
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Figure 3.1: Emission factors from beef cattle manure handled under solid storage as
stockpiles.
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The results presented above are compared to those from other studies. For
example, the EF values estimated in this study (Figure 3.1) are similar to those estimated
by Dudley et al. (2014). In that study, the authors used LCA and estimated an EF of 1.32
kg CH4 hd-1 yr-1 for all stages of manure management. Also, Gupta et al. (2007) reported
an EF between 0.8 and 3.3 kg CH4 hd-1 yr-1 for cattle manure with solid storage.
Another study (Owen & Silver, 2015) states that because mechanistic and
empirical models are based on laboratory-scale measurements, they tend to underestimate
the potential emissions of methane in a full-scale basis. Owen and Silver (2015) reported
an EF for solid manure of 13 ± 11 kg CH4 hd-1 yr-1 based on farm-level measurements
and a predicted value of 22 kg CH4 hd-1 yr-1, 4-7 folds higher than the values reported in
this study. This suggests that in-situ methane measurements might account for several
sources of methane emissions including enteric fermentation (Petersen et al., 2016). In
other two studies the values of EF reported were reported to be in the range between 0.12
and 0.6 kg CH4 hd-1 yr-1 covering the period between manure excretion to manure
scrapping (Borhan et al., 2011; Phetteplace et al., 2001). Those values are below the
reported here probably because methanogenesis would not be activated completely under
aerobic conditions in open pens.
3.2.2 Liquid storage
Liquid storage is a common practice in the US for large beef cattle farms and
dairy production (Aguirre-Villegas & Larson, 2017). Most of the published studies have
striven to understand the complexity of emissions from liquid manure from excretion to
land application, reporting these emissions under different circumstances. Also,
according to EPA (2022), the methane from beef cattle manure makes up around 15% of
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the methane from all livestock manure. Liquid manure in dairy facilities is the largest
source of CH4 from livestock manure (Figure 1.1). Therefore, the interface developed in
this study was also used to estimate methane emission from liquid manure of beef cattle.
According to IPCC, manure slurry can be stored in tanks, wells, pits, or lagoons.
Compared to the other structures, lagoon is more widely used in beef cattle production.
After GE and VS excretion rate were determined, MCF and methane emissions were
estimated for different temperatures (10ºC - 28ºC). The temperatures outside this range
were assumed to have little impacts on MCF values. Therefore, for temperatures
below10ºC, MCF is 66%. MCF varies from 66% to 78% for spring (10 – 20ºC), and from
79% to 89% for summer (25 – 35ºC). Although the excretion of VS may be similar from
10 to 28ºC, MCF increases with the temperature and reaches an asymptotic threshold as
temperature passes 28ºC (Figure 3.2).
The change of EF as a function of temperature is presented in Figure 3.2. For a
typical winter (< 10ºC) in Nebraska, the EF for liquid manure is 188.45 g CH4 hd-1 day-1
d for which EF reported is 37.69 kg CH4 hd-1 yr-1. EF reached 44.54, 45.11, and 45.68 kg
CH4 hd-1 yr-1 at 15, 25, and 35ºC, respectively. With this model, the variability of the EF
with the temperature halts at 28ºC, remaining constant for higher temperatures. If EFs for
the summer were averaged by day to achieve more accuracy on the report, these would be
225.55 g CH4 hd-1 day-1 for 25ºC and 228.4 g CH4 hd-1 day-1 for 28ºC. Finally, the overall
CH4 emissions for Nebraska would be 106.29 Gg CH4 yr-1 (0.53 Gg CH4 day-1) for winter
and 128.82 Gg CH4 yr-1 (0.64 Gg CH4 day-1) for summer with 2.82 million heads.
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Figure 3.2: Emission factors from beef cattle manure handled under liquid storage as
UAL
It is challenging to estimate the methane emission from liquid manure storage due
to the wide variety of storage types. The results from this study show good agreement
with similar studies. For instance, Petersen et al. (2016), estimated methane emission
from beef cattle manure stored in slurry pits and reported an EF of 34 kg CH4 hd-1 yr-1 for
temperatures from 5 to 13ºC. A close value was estimated in this study as an average for
the same range of temperatures, 39.1 kg CH4 hd-1 yr-1 (Figure 3.2 and Table 3.2). The EF
for the summer was 45.68 kg CH4 hd-1 yr-1, comparable to the 51 kg CH4 hd-1 yr-1 EF
reported by Borhan et al. (2011) for a secondary lagoon.
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Table 3.2: Emission factors for the four manure management systems under study using
IPCC (2006) Tier 2 for manure management.
Temp (ºC)
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

EF (Kg CH4 hd-1 yr-1)
Solid Storage
0.98
1.10
1.21
1.33
1.44
1.56
1.67
1.79
1.90
2.02
2.13
2.24
2.36
2.47
2.59
2.70
2.82
2.93
3.05

UAL Daily Spread
37.69
0.06
38.83
0.06
39.97
0.06
40.54
0.06
41.68
0.06
42.25
0.29
42.82
0.29
43.40
0.29
43.97
0.29
43.97
0.29
44.54
0.29
44.54
0.29
44.54
0.29
45.11
0.29
45.11
0.29
45.11
0.29
45.11
0.57
45.68
0.57
45.68
0.57

CSP
0.29
0.29
0.29
0.29
0.29
0.29
0.29
0.29
0.29
0.29
0.29
0.29
0.29
0.29
0.29
0.29
0.29
0.29
0.29

3.2.3 Daily Spread and Composting – Static Pile (CSP)
Daily spread and CSP are two other manure management practices tested in the
study (Table 2.7), often referred to as good practices for manure management from the
perspectives of carbon and nitrogen cycling (Beauchemin et al., 2010). According to
IPCC (2006), under composting treatment, the methane emission from manure is
considered independent of the typical ambient temperatures. On the other hand, under the
treatment of daily spreading, methane emission increases with temperature. For
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comparison with solid storage and anaerobic digestion, the methane emission from
manure these two practices are presented for the beef production in Nebraska. The EF of
daily spread manure increases from 0.06 to 0.57 kg CH4 hd-1 yr-1 as temperature increases
from 10 to 28ºC (Table 3.1). Emission factors for daily spread become more important
for temperatures above 15ºC, because MCF stays constant from 10 to 14ºC with 0.1%
and becomes 5-fold higher at 15ºC (Figure 3.3). Composting – static pile has an EF value
of 0.29 kg CH4 hd-1 yr-1 for the temperatures tested (Table 3.1, and Figure 3.4). This
value is less than 10% of EF from manure under solid storage in the summer. Although
CSP is a good treatment option to reduce methane emissions, it is generally known to be
economically unfavorable.
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Figure 3.3: Emission Factor from beef cattle handled under Daily Spread.
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Figure 3.4: Emission Factor from beef cattle handled under CSP.

3.3 Methane Emission Estimation for a Novel Storage Method
The analysis of the results of solid and liquid storage can lead to a better
understanding of the implications of the selection of manure management practices.
When working with solid manure, the emissions rate per animal are considerably low in
comparison to those produced by liquid manure. For these two, a major difference is the
moisture content. For that reason, a simple analysis of the moisture content would give a
clue for a probable mitigation strategy, considering that liquid manure contains above
80% of water whereas solid manure has lost a considerable amount of this moisture
(Adler, 1994).
Table 3.2 lists the EFs from 10 to 28ºC for solid and liquid storage, so a basic
comparison can be done within the range available. Figure 3.5, Figure 3.7, and past
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studies (Jones et al., 2018) show how the difference between methane emissions from
solid and liquid manure might be more related to the moisture content rather than to the
storage system itself. This statement supports the idea that the reduction of water content
in the manure can decrease the activity of the methanogens since water promotes the
mobility of microorganisms and distribution of nutrients (Jones et al., 2018).
From the analysis of Figure 3.5, it is plausible to expect that a lower moisture
content in manure could lead to a lower EF. The IPCC report did not provide the
moisture level in typical solid and liquid manure. Previous studies report typical moisture
contents for solid and liquid manure to be around 35% and 95% (Adler, 1994; Rotz et al.,
2018). Information in Table 3.3 was used to build Figure 3.5 and Figure 3.6.
In a recent study, conductive concrete was used to make a slab where cattle
manure sits on during manure storage. The conductive concrete slab emitted heat when
powered with electricity. The heat from the conductive concrete slabs was able to reduce
the moisture content in the manure piles to less than 5% (Staley et al. (2021)). By
assuming a linear relationship, we can estimate the EFs from manure at 5% moisture
level.
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Table 3.3: Emission factors (EF) and emission rates (ER) for different temperatures and
assumed moisture contents.
Temperature

Manure state

Moisture %

ºC
10
15
28

Solid
Liquid
Solid
Liquid
Solid
Liquid

Emission Factor
-1

%

kg CH4 hd yr

35
95
35
95
35
95

0.98
37.69
1.56
44.54
3.05
45.68

-1

Emission Rate
kg CH4 kg VS-1
0.002
0.08
0.003
0.10
0.007
0.10

EF (kg CH4 hd-1 yr-1)

60.00
50.00
40.00
30.00
20.00
10.00
0.00

35

95

Moisture content (%)
10ºC

15ºC

28ºC

Figure 3.5: EFs at different moisture content and temperature
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Figure 3.6: Methane emission rates at different moisture content and temperature.
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Figure 3.7: Methane production variation with the moisture content (González-Avalos &
Ruiz-Suárez, 2001).
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CHAPTER 4 : CONCLUSIONS AND FUTURE RESEARCH
4.1 Conclusions
The determination of methane production per animal per day can be divided in
two segments for each manure management system in the spreadsheet built in this study.
The first segment corresponds to the gross energy from the feed and the daily VS
excretion, entailing seven sections in the interface shown in Table 3.1. The second
segment is the calculation of EFs and the methane production. Hence, conclusions from
each section can be drawn as well as from each management system and the cross
analysis between solid and liquid storage as follows:
-

An Excel spreadsheet based on the IPCC model was developed for the
estimation of CH4 emissions from beef cattle manure with Tier 2
methodology. The model uses the daily energy intake/consumption of an
animal to estimate their feeding needs and weight gain. With that information,
the VS excretion rate was estimated as 2.24 kg VS animal-1 d-1.

-

The interface allows producers to estimate methane emission from manure
under various manure management practice.
o Solid storage results in EFs within the range of 0.98 and 3.05 kg CH4
hd-1 yr-1 and total emissions of 5.89 and 18.29 Gg CH4 yr-1 in
Nebraska for winter and summer, respectively. Similar results were
presented in other studies that investigated the same livestock type for
solid storage.
o Liquid storage results in EFs within the range of 37.7 and 45.7 kg CH4
hd-1 yr-1 and overall emissions of 226 Gg CH4 yr-1 for the winter and
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254 Gg CH4 yr-1 for the summer. Also, these results show
harmonization with most studies that have investigated the emissions
from liquid storage. Trend line in Figure 3.2 suggests that emissions
would stop increasing at temperatures above mesophilic range unlike
emissions from solid storage that show a linear relationship with the
temperature.
o Composting results in EFs as low as 0.29 kg CH4 hd-1 yr-1.
o Daily spread results in EFs between 0.06 to 0.57 kg CH4 hd-1 yr-1 for
temperatures from 10 to 28ºC.
-

A preliminary estimation shows that manure storage at very low moisture
content can further reduce methane emissions from manure. It was deducted
from the comparison between solid and liquid storage.

-

Using IPCC (2006) model, with region-specific values, generates realistic
results, supported by published literature. In general, the results of the
interface can be considered as good estimates for future research.

4.2 Future Research
Specific research on digestible energy, energy requirements, and volatile solids
excretion rate for beef cattle in Nebraska is required to reduce the uncertainties when
using IPCC (2006), and thus get more accurate results.
-

The relationship between methane EF from manure and temperature and
moisture content needs to be established experimentally.
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-

A useful research opportunity is to test the combination of IPCC (2006) model
with the model presented in Sommer et al. (2004) to adapt the interface in the
quest of a mitigation measure.

-

The methane conversion from the volatile solids in manure using the
Arrhenius relationship might set the beginning to investigate ways of
emissions reduction. Arrhenius parameters and apparent activation energy of
the manure in Nebraska needs to be experimentally determined under different
moisture content.
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APPENDIX A: INTERFACE FOR ALL MANURE MANAGEMENT SYSTEMS
UNDER STUDY

Figure A.1: Tool’s interface to estimate methane emissions for Solid Storage

58

Figure A.2: Tool’s interface to estimate methane emissions for UALs
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Figure A.3: Tool’s interface to estimate methane emissions for Daily Spread
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Figure A.4: Tool’s interface to estimate methane emissions for CSP

